Background: Cyclotides are a family of plant-expressed pesticidal cyclic peptides. Results: A broad range of cyclotides specifically interact with membranes containing phosphatidylethanolamine (PE)-phospholipids. Conclusion: Cyclotide bioactivity correlates with an ability to target, insert into, and disrupt lipid membranes containing PE-phospholipids. Significance: Cyclotides constitute a new lipid-binding protein family that has potential as a scaffold to target tumor cells.
Cyclotides (1) are an intriguing family of plant-derived bioactive peptides that are characterized by a head-to-tail macrocyclic structure and three disulfide bonds arranged in a cystine knot (Fig. 1) . The cystine knot occupies the peptide core and is important for stability, whereas the backbone segments between the Cys residues, designated as loops, have their side chains exposed and are likely to be involved in the bioactivity of cyclotides. The unique cyclic and knotted topology of cyclotides gives them exceptional resistance to high temperatures, chaotropic agents, and proteolytic enzymes that would digest most peptides (2) .
The majority of cyclotides discovered so far have been found in plants belonging to the Violaceae (violet) or Rubiaceae (coffee) families. Individual plants express suites of many different cyclotides that vary in quantity and distribution within the plant. To date, more than 250 cyclotides have been isolated and categorized into two main subfamilies, Möbius and bracelet (3) . Cyclotides belonging to the Möbius subfamily have a cis-Pro residue in loop 5 that is responsible for a conceptual twist in the peptide backbone, whereas bracelet peptides comprise a backbone ring composed solely of trans-peptide bonds (1) . A selection of cyclotide sequences belonging to the Möbius and bracelet subfamilies is given in Table 1 . Apart from the six conserved Cys residues, a conserved Glu in loop 1 and a conserved Asn/ Asp in loop 6, cyclotides have large sequence diversity.
Two macrocyclic peptides isolated from dormant seeds of Momordica cochinchinensis and with powerful trypsin inhibi-tory activities, MCoTI-I and MCoTI-II (4), have been categorized as a third subfamily of cyclotides, the trypsin inhibitor subfamily (5) . Although having limited sequence similarity when compared with the members of the other two subfamilies, trypsin inhibitors have the cyclic cystine knot structure, which defines them as cyclotides.
Although the natural function of cyclotides is thought to be host defense based on their pesticidal activities (6) , several pharmaceutically relevant bioactivities have also been reported for members of this family, including uterotonic (7), anti-HIV (8), anti-cancer (9) , and antimicrobial activities (10) . Their stable structure, along with a range of different biological activities and tolerance for amino acid substitution, has inspired the use of cyclotides for drug design applications (5) . In particular, their native pharmacological activities might be used in the development of uterotonic or antimicrobial agents, or the cyclotide scaffold could in principle be used as an inert framework to stabilize linear bioactive peptide epitopes (11) . Indeed, the use of cyclotides as a scaffold for drug design has been explored both using synthetic chemistry (12, 13) and through biosynthesis of a genetically encoded cyclotide combinatorial library expressed inside Escherichia coli (14) . The bioengineering of such libraries enables the rapid screening and the selection of new sequences with specific biological activities and high stability (15) . More recently, a library displayed at the E. coli surface using a linearized cyclotide scaffold was also reported (16) . This strategy provides a new alternative for high throughput screening using flow cytometry and a stable scaffold (16) .
With hundreds of cyclotides identified so far, understanding their mechanism(s) of action is of much interest to assist with rational drug design efforts and to decrease potentially toxic effects associated with their native insecticidal functions. As an individual plant can express a suite of different cyclotides (17, 18) , understanding the differences and similarities in the modes of action of a broad selection of cyclotides could also help unravel reasons for the biosynthetic production of a multiplicity of cyclotides in a single plant.
The bioactivities of cyclotides seem to broadly correlate with their ability to target and disrupt cell membranes, an observation based on biological assay data and biophysical studies with model membranes. Bioassays show that cyclotides belonging to both Möbius and bracelet subfamilies have cytotoxic (9) and hemolytic (19) properties. Studies with model membranes show that kalata B1 (kB1) 6 (20, 21) , the prototypic Möbius cyclotide, and cycloviolacin O 2 (cyO2) (22) , the prototypic bracelet cyclotide, can bind and disrupt lipid bilayers. In addition, the majority of cyclotides have a surface-exposed patch of hydrophobic residues that has been suggested to be required for their bioactivities (23, 24) . In summary, single examples of a prototypic bracelet and a prototypic Möbius cyclotide have a common feature in their mode of action, in that cell membranes seem to be the main target.
Although they have essentially identical structures, the biological potency of different cyclotides varies (19, 23) and depends on the target organism (25) . For instance, kB1 does not show antimicrobial activity, whereas cyO2 has antimicrobial activity against some Gram-negative bacteria (26) . Therefore, as different cyclotides have different hydrophobic and electrostatic properties, it is important to evaluate the lipid specificity, the membrane affinity, and the membrane-binding mechanism.
In this study, the membrane-binding properties of a diverse selection of native cyclotides (see Table 1 ) were determined. Studies with model membranes were correlated with cyclotide bioactivities against different target organisms.
EXPERIMENTAL PROCEDURES
Peptide Extraction-The cyclotides kB1, kB2, kB5, kB6, kB7, kB8, and kB9 were isolated from the above ground parts of Oldenlandia affinis (18) ; cyO2 was isolated from Viola odorata leaves (17) , and tricyclon A (tcA) was isolated from Viola tricolor flowers (27) . Extraction, isolation, identification, and purification followed methods described previously (17, 18) . The isolated cyclotides had Ն95% purity, as confirmed by analytical reverse phase-HPLC and MS. Peptide concentrations were determined before each assay by absorbance at 280 nm (20) . Unless otherwise stated, all peptide solutions were prepared in 10 mM HEPES buffer, pH 7.4, containing 150 mM NaCl.
To reduce kB1, 10 mM tris(2-carboxyethyl)phosphine was added to 300 M of kB1 and incubated at 55°C for 1 h. To reduce cyO2, 10 mM tris(2-carboxyethyl)phosphine was added to 300 M of cyO2 and incubated at 55°C for 4 h. The reduced form of the peptides was confirmed by reverse phase-HPLC.
Peptide Synthesis-All-D-kB2 was synthesized using manual solid-phase peptide synthesis as described previously for all-DkB1 (28) . The purity of the peptide (Ն95%) was evaluated using analytical reverse phase-HPLC, and the folding was confirmed by 1 H NMR spectroscopy as before (29) . FIGURE 1. Cyclotide structural information. Three-dimensional structure (Protein Data Bank code 1nb1) and sequence of the prototypic cyclotide kB1 are shown. Cyclotides are characterized by a cystine knot motif formed by three disulfide bonds, shown in yellow. The six Cys residues are labeled I-VI, and the residues between adjacent Cys residues are designated as loops 1-6. The direction of the peptide chain N-C is shown with a black arrow. G1 is highlighted as the starting point of the numbering scheme.
Preparation of Lipid Vesicles for Peptide/Membrane
Studies-Synthetic lipids (palmitoyloleoylphosphatidylcholine (POPC), palmitoyloleoylphosphatidylglycerol (POPG), palmitoyloleoylphosphatidylethanolamine (POPE), palmitoyloleoylphosphatidylserine, dipalmitoylglycerophosphatidylcholine (DPPC), dipalmitoylglycerophosphatidylethanolamine (DPPE), and cholesterol (Chol)) and extracted sphingomyelin (SM) from porcine brain, which contains 50% C(18:0), 21% C(24:1), 2% C(16:0), 5% C(20:0), 7% C(22:0), and 5% C (24:0)) were obtained from Avanti Polar Lipids and used to prepare model membranes.
Large unilamellar vesicles (LUVs) with a diameter of 100 nm or small unilamellar vesicles (SUVs) with a diameter of 50 nm were prepared from lipid films by freeze-thaw fracturing and sizing by extrusion (30) . Briefly, lipid films were prepared from lipids dissolved in chloroform. The solvent was evaporated with a N 2 stream, and the lipid film was left under vacuum overnight. Buffer was added to the lipid film, and the suspension was vortexed, freeze-thawed eight times, and extruded 21 times through a polycarbonate membrane with a 100-or 50-nm pore size diameter to obtain LUVs or SUVs, respectively. LUVs were used in fluorescence studies, and SUVs were prepared for surface plasmon resonance (SPR) studies (31) . Unless otherwise stated, all of the lipid systems were prepared in pH 7.4 buffer containing 10 mM HEPES and 150 mM NaCl.
Cyclotide Interaction with Lipid Membranes Followed by SPR-The membrane specificity of native cyclotides was evaluated with SPR following protocols previously detailed (21, 31) . L1 sensor chips and a Biacore 3000 instrument were used. Briefly, all solutions were freshly prepared and filtered (0.22 M pore size) before use. An SUV suspension (1 mM lipid) was injected over an L1 chip surface (2 l/min, 2400-s contact time) reaching a stable steady state, suggesting coverage of the chip surface and a stable lipid bilayer surface. Loosely bound SUVs were removed with a short pulse of 10 mM NaOH (50 l/min, 36 s). Cyclotide solutions were injected over the lipid surfaces (5 l/min, 180 s), and the dissociation was monitored for 600 s. The chip surface was regenerated as described previously (31) . A range of lipid mixtures was used to delineate the role of lipid composition in binding. Unless otherwise stated, the temperature was maintained at 25°C throughout the assays.
Peptide-to-lipid molar ratio (P/L) was calculated to evaluate the binding ability of the tested cyclotides. The amount of lipid deposited at the chip surface was determined by converting the response units (RU), at the end of lipid deposition, into pg⅐mm Ϫ2 (1 RU ϭ 1 pg⅐mm Ϫ2 ) (32) and into moles by considering the average mass of the lipid mixture. The amount of peptide bound to the lipid bilayer was calculated at the end of association phase (170 s after peptide injection starts) by converting the RU into pg⅐mm Ϫ2 and then into moles (21, 28) . P/L versus injected peptide concentration was plotted and fitted with a nonlinear regression equation dose-response binding
, in which P/L max is the maximum binding; K d is the peptide concentration needed to achieve half-maximum binding at equilibrium, and H is the Hill slope.
Cyclotide Fluorescence Studies-All of the native cyclotides included in this study have intrinsic fluorescence due to the presence of a Tyr and/or a Trp residue in their sequence (see Table 1 ). The fluorescence of Trp and Tyr are sensitive to the environment; therefore, the intrinsic steady-state fluorescence properties of the different cyclotides were studied. Cyclotides containing Trp residues were excited at 280 nm, whereas cyclotides containing only Tyr as aromatic residues were excited at 275 nm.
The interaction of the native cyclotides with model membranes was followed by changes in fluorescence emission spectra or changes in the fluorescence anisotropy (33) . Specifically, 25 M peptide was titrated with stock of POPC or POPC/POPE (80:20) LUV suspensions. An LS50B fluorescence spectrophotometer (PerkinElmer Life Sciences) was used to follow fluorescence emission and excitation spectra, whereas the fluorimeter FluoroMax-4 (from Jobin Yvon) was used for measurements with polarized light. Partition curves obtained with mean anisotropy (͗r͘) were fitted as described previously (33) . (34) . The fluorescence excitation spectra were scanned in the presence and absence of different cyclotides (10, 25 , and 50 M were tested).
Vesicle Aggregation-Vesicle aggregation induced by cyclotides was followed by absorbance at 436 nm as described previously (35 (20) .
Data analysis was performed with Graphpad Prism Version 5.0d. The peptide concentration needed to achieve 50% of vesicle leakage (LC 50 ) and the standard error of the best fit were determined fitting a nonlinear regression equation dose response binding with variable slope, in which the maximum response was constrained to 100% leakage as follows: % leakage ϭ (100 ϫ Membrane Integrity Monitored by Confocal Microscopy with Giant Unilamellar Vesicles-Membrane leakage induced by the cyclotides kB1, kB2, kB7, and kB8 and cyO2 was evaluated with giant unilamellar vesicles (GUVs) and confocal microscopy (36, 37) . GUVs composed of POPC or POPC/POPE encapsulating fluorescent dyes were prepared by electroformation as described previously (36) . The dyes tetramethylrhodamine (TR)-dextran (ϳ3 kDa, 2 M), Alexa Fluor647-dextran (ϳ10 kDa, 5 M), and Oregon Green 488-dextran (ϳ70 kDa, 2 M) were encapsulated in the vesicles to evaluate the size of a potential membrane pore, whereas 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine (1% mol/mol) was used to follow membrane integrity (37) . The excitation wavelengths were 543 nm (HeNe laser; for 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine or TR-dextran), 488 nm (Ar laser; for Oregon Green 488-dextran), and 633 nm (HeNe laser, for Alexa Fluor647-dextran). Micrographs were recorded after peptide addition, and the fluorescence of the dyes was followed versus time.
Hemolytic Activity-Hemolysis induced by the native cyclotides kB1, kB2, kB6, kB7, kB8, and kB9, cyO2, and tcA was compared following protocols previously described (25) . The all-D-kB2 and the reduced forms of kB1 and cyO2 were also compared. All peptide solutions were assayed in triplicate with 2-fold dilution concentrations, starting with 50 M, and prepared in HEPES buffer, pH 7.4, containing 150 mM NaCl.
Anti-HIV Studies-The virucidal activities of kB1, kB2, and tcA were compared using a HLA-DR viral capture method (21, 38) . Two HIV-1 particles strains were compared (NL4.3, clade B, CXCR4 co-receptor using strain, and clade A, CCR5 co-receptor using strain). The experiment was repeated three times.
Antimicrobial Assays-Bacterial growth inhibition induced by the various cyclotides was evaluated to examine their antimicrobial activity. Growth of Gram-negative E. coli (ATCC25922) and Gram-positive Staphylococcus aureus (ATCC25923) was tested using the broth dilution method (39); bacterial suspensions (2 ϫ 10 5 cfu/ml E. coli or 2 ϫ 10 6 cfu/ml S. aureus) were incubated with the peptides (series of 2-fold peptide concentrations, starting with 100 M) and compared with controls following protocols previously described (40) . The assay was done with Luria Broth (LB).
The peptide concentration to inhibit 50% of bacterial growth was defined as the minimal inhibitory concentration (MIC 50 ). The experiment was repeated three times.
RESULTS

Cyclotide-Membrane Binding Affinity Is Dependent on Lipid
Composition-Cell membranes had been implicated as the main target of the few cyclotides that have been tested so far for membrane binding. In this study, a broad selection of cyclotides belonging to the Möbius and bracelet subfamilies was studied. The cyclotides were selected based on their diversity and abundance in the selected plants, and they included the prototypic Möbius cyclotide kB1, the prototypic bracelet, cyO2, and tcA, a cyclotide with a notably low hemolytic activity (27) . Interactions of cyclotides with model membranes were evaluated using SPR to gain insights into their mechanism of action. Various lipid mixtures that represent different membrane phase properties, charges, or phospholipid headgroups were compared for each cyclotide.
PC-containing phospholipids are the most common form of phospholipid in eukaryotic membranes (41) . Thus, membranes composed of POPC, which forms zwitterionic bilayers with liquid disordered phase properties at 25°C, along with model membranes of increased complexity, including POPC/POPG (80:20 molar ratio) and POPC/Chol/SM (27:33:40), were included. At 25°C, POPC/Chol/SM (27:33:40) membranes are in a homogeneous liquid-ordered phase (42) . Phospholipids with a PG headgroup are negatively charged and were included to evaluate the effects of charge. The effects of PE-phospholipids, which are also common in eukaryotic membranes (41) and previously shown to be required for membrane targeting by kB1 (44), we assumed that the addition of 10% POPE to the POPC/Chol/SM mixture would not change the overall fluidity of the lipid bilayer, i.e. this lipid system will be in a homogeneous liquid-ordered phase. This assumption is based on the fluorescence anisotropies of DPH and TMA-DPH being comparable for vesicles composed of POPC/ Chol/SM and POPE/palmitoyloleoylphosphatidylserine/ Chol/SM at the same molar fractions (44) .
All of the tested cyclotides had identical specificity, i.e. they showed a preference for PE-containing phospholipids over other lipids, but they did differ in their affinity for the membranes ( Fig. 2 and Table 2 ). For example, all of the tested cyclotides showed weak binding to POPC membranes but had markedly increased affinity with increasing amounts of PE ( The importance of PE-phospholipids to binding was also evident when POPC/Chol/SM and POPC/POPE/Chol/SM (Fig. 2 , G and H) mixtures were compared for all of the cyclotides tested, revealing that cyclotides also bind to liquid ordered membranes containing PE-phospholipids. Overall, the studies on the binding of the cyclotides to the tested lipid systems (Fig.  2 and Table 2 ) revealed that although the binding affinity is dependent on the specific peptide and lipid composition, all cyclotides have increased affinity for membranes containing PE lipids.
The all-D-enantiomer of kB2 was also included to evaluate possible effects of chirality. D-kB2 bound to membranes containing PE-phospholipids, but with a lower affinity than the mirror image native form (Fig. 3A) , consistent with previous studies on D-kB1 (28) . Disulfide bond-reduced kB1 and cyO2 did not bind to membranes, even when PE-phospholipids were present (Fig. 3B) , suggesting that the three-dimensional conformation of cyclotides is important for the membrane binding.
Trp/Tyr fluorescence studies (anisotropy and emission spectral shift) confirmed the importance of PE-phospholipids for the membrane binding of cyclotides and provided further evidence that they insert into membranes. For example, cyO2, which has an exposed Trp residue, has an increase in its Trp fluorescence anisotropy with a concomitant emission spectrum blue shift upon titration with POPC/POPE vesicles but not to POPC vesicles (Fig. 4, A and B) . The partition coefficient was calculated and confirmed that cyO2 has high affinity for POPC/ POPE membranes but only weak affinity for POPC (Fig. 4B) . This observation showed that the Trp residue inserts into the POPC/POPE lipid environment. Although the Tyr fluorescence is not as sensitive as Trp fluorescence to the environment, identical conclusions were obtained when the fluorescence anisotropy of the Tyr residues in kB8 was followed (Fig.  4B) . The peptide-to-lipid ratio (P/L mol/mol) at the end of peptide injection was calculated to normalize the response to the total amount of lipid deposited on the chip and to the amount of peptide that binds to the lipid bilayer (1 RU ϭ 1 pg⅐mm Ϫ2 of peptide or lipid). P/L was plotted versus peptide concentration, and the curves were fitted with a nonlinear regression equation, dose-response binding with Hill slope (see Table 2 The intrinsic fluorescence signal of the Möbius cyclotides did not change upon titration with lipid vesicles. It appears that this is because the fluorescence quantum yield of the Trp residue is weak and blue-shifted due to intramolecular quenching and therefore is not sensitive to changes surrounding the indole group in this subfamily of cyclotides.
Cyclotides Bind Weakly to Membranes Having a Solid-ordered Phase-Although PE-phospholipids are clearly important for membrane targeting by cyclotides, membrane fluidity appears to modulate the binding affinity. At a similar POPE content, the membrane-binding affinity differs depending on whether the membrane displays a liquid-ordered phase (POPC/POPE/Chol/SM (17:10:33:40)) or a fluid-disordered phase (POPC/POPE (90:10)) (see Table 2 ), suggesting that the environment surrounding the PE-phospholipids modulates the insertion and the affinity. The influence of ordered domains was further studied with 5% POPE and kB1. Fig. 5A shows that 5% POPE is enough to improve the binding of kB1 relative to POPC membranes, with further improvement if ordered domains (see POPC/POPE/Chol and POPC/POPE/Chol/SM in Fig. 5A ) are also present.
To evaluate if insertion into the membrane hydrophobic core is important for cyclotide-membrane affinity, we evaluated the binding of cyclotides to membranes in the solid-ordered (gel) phase, where the lipid packing is very high. DPPC and DPPC/ DPPE (80:20), which form bilayers in the solid-ordered phase at 25°C, were studied (Fig. 5, B and C) . Stronger binding to DPPC/ DPPE than DPPC is evident, but when compared with a membrane in the liquid-disordered phase containing the same amount of PE-phospholipid (POPC/POPE (80:20)), a significant decrease in the binding is evident, as seen for kB1 and cyO2.
To further confirm the importance of membrane fluidity, binding of kB1 to DPPC/POPE was compared at 25°C (solidordered phase) and 40°C (liquid-disordered phase) (45) . Increasing the temperature makes DPPC/POPE less rigid, and an increase in the binding of kB1 occurs (Fig. 5D) , confirming that the insertion in the membrane, rather than just adsorption at the phospholipid headgroup region, is important for cyclotide-membrane affinity.
Cyclotides Induce Vesicle Aggregation and Alterations in the Membrane Dipolar Potential-The membrane surface is mainly stabilized by repulsive electrostatic forces, van der Waals attractions, and a repulsive hydration shell between approaching membrane surfaces (46, 47) . When these forces are destabilized by peptides or proteins, distinct membrane surfaces can be brought into close proximity, resulting in vesicle aggregation (46, 47) . Thus, in principle, vesicle aggregation efficiency can be followed to evaluate if cyclotides affect membrane surface stability. Here, their ability to aggregate pure POPC or POPC/POPE vesicle dispersions was examined (Fig. 6,  A and B) . None of the cyclotides tested aggregate POPC vesicles, but most of them aggregate POPC/POPE vesicles. This result further supports the ability of cyclotides to bind PE-containing membranes and reveals that cyclotides are able to disturb membrane surface properties. Nevertheless, the aggregation induction is dependent on the peptide. For the same bulk peptide concentration added to POPC/POPE lipid vesicles, the extent of aggregation follows the trend cyO2 Ͼ kB1 ϳ kB7 ϳ 
a The binding of cyclotides to membranes lacking PE-phospholipids is weak; therefore, the curves do not reach a plateau in the concentration range tested, the P/L max cannot be defined, and nor can K d value. Nevertheless to illustrate the weak affinity to membranes lacking PE, binding to POPC/Chol/SM is compared with POPC/POPE/ Chol/SM assuming the same P/L max for both lipid mixtures (which possess identical fluidity properties at 25°C). As this fit implies extrapolations, the error associated with the K d is high, and therefore the fitted values are referred to as apparent K d (K d (app) ). b The curve did not reach a plateau in the concentration range tested; therefore, the P/L max was constrained to be equal to the value obtained with cyO2 which is also a bracelet cyclotide. tcA Ͼ kB5 Ͼ kB2 ϳ kB6. No aggregation was induced by kB8. This trend is not the same as observed for the membrane affinity ( Table 2 ), suggesting that effects exerted at the membrane surface are not only dependent on the amount of peptide bound to the membrane. The membrane dipolar potential changes upon insertion of peptides into the hydrophobic membrane core, and this change can be detected with the dye di-8-ANEPPS (34) . The change in dipolar potential was dependent on the peptide and its concentration (Fig. 6, C and D) . Interestingly, cyclotides belonging to the Möbius subfamily showed a weaker shift in the differential spectra than bracelet cyclotides. All cyclotides induced a decrease in the dipolar potential, except kB1, which increased the dipolar potential. In agreement with membrane binding studies, none of the peptides tested induced changes in the dipolar potential of membranes lacking-POPE (see kB1 example in Fig. 6C) .
Permeabilization of Model Membranes Induced by Cyclotides-The ability of peptides to induce permeabilization of phospholipids vesicles has been correlated with their ability to disrupt the cell membranes of target organisms (48, 49) . Therefore, the ability of cyclotides to disrupt model membranes was evaluated with lipid systems of varying composition.
In the concentration range tested, none of the cyclotides were able to permeabilize POPE-deficient vesicles (Fig. 7) . By contrast, when POPE is present, all of the cyclotides were able to permeabilize the membrane; the leakage efficiency was dependent on the lipid mixture and on the peptide, as quantified by the LC 50 (Table 3) . Overall it is clear that cyO2 has the highest permeabilization efficiency and tcA the lowest. . The Trp residue in cyO2 or the Tyr residues in kB8 become inserted in a more rigid environment upon titration with lipid. The partition coefficient, K p , was calculated using equations previously described (33) and show that both peptides have large partition to POPC/POPE membranes and a weak insertion into POPC membranes. The K p in POPC cannot be accurately determined as the maximum ͗r͘ is not well defined in the lipid concentration range tested. From a comparison of the ability of each cyclotide to permeabilize vesicles containing an identical percentage (10%) of POPE, but different fluidity or charge, it is clear that kB1, kB2, kB6, kB5, and tcA permeabilize liquid-ordered membranes (POPC/POPE/Chol/SM) with higher efficiency than liquid-disordered membranes (POPC/POPE), whereas kB7, kB8, and cyO2 do not distinguish between them. The effect of negatively charged phospholipids differs for different peptides. In particular, kB1, kB2, kB6, kB7, and tcA have a lesser ability to permeabilize POPC/POPE/POPG than POPC/POPE, whereas the leakage inducing efficiency of cyO2, kB8, and kB5 does not differ significantly in the presence of negatively charged phospholipids.
To provide insights into the mode of permeabilization, vesicle leakage was further evaluated using GUVs and confocal microscopy. The leakage efficiency exerted by selected native cyclotides (kB1, kB2, kB7, kB8 and cyO2) on POPC and POPC/ POPE (80:20) GUVs was compared. Negligible dye leakage was observed in vesicles lacking PE. In contrast, dye leakage was evident in PE-rich membranes after incubation with any of the cyclotides tested ( Fig. 8 and supplemental Movies 1-6) . The different dyes, possessing distinct sizes, leak from the vesicles concomitantly (see kB1 and cyO2 examples in Fig. 8, A-D , and supplemental Movies 1-6), suggesting that if a pore is formed it is large enough to let the largest dye escape. Interestingly, after addition of cyO2, the green dye seems to co-localize within the membrane (see Fig. 8, C and D) . This might be due to electrostatic attractions between the cationic cyO2, bound to the membrane, and the anionic dye. To evaluate the membrane integrity, the dye 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine was used to label the lipid bilayer (Fig. 8, E and F, and supplemental Movie 6). After incubation with kB1, the vesicle is permeabilized prior to disruption of the membrane. This effect is in agreement with electrophysiological measurements with kB1, in which conductive pores were detected prior to membrane disruption (20) .
Hemolytic Properties of Cyclotides-The hemolytic activity of the cyclotides was compared at 37 and 4°C (Fig. 9A) . At 37°C, tcA and kB8 have weak hemolytic activities, and cyO2 is the most potent cyclotide. Interestingly, the all-D-kB2 is hemolytic but less so than the native kB2. This result is in agreement with previous studies with D-kB1 and its native form (28) . At 4°C, no hemolytic activity was found for any of the cyclotides in the concentration range tested. Melittin was included as a positive control, and although a 2-fold decrease in its hemolytic efficiency was observed at 4°C (HC 50 ϭ 1.2 M at 37°C versus 2.2 M at 4°C), melittin is still hemolytic at this temperature.
Antimicrobial Activity of Cyclotides-Growth inhibition of E. coli (Gram-negative) and S. aureus (Gram-positive) bacteria was tested in the presence of the cyclotides. No antimicrobial activity against Gram-negative (E. coli) or Gram-positive (S. aureus) was detected for any of the cyclotides tested except cyO2 agianst E. coli, which has a MIC 50 of 6.8 Ϯ 0.4 M in LB (Fig. 9B) .
Anti-HIV Studies-It was previously reported that kB1 and a membrane-active mutant are able to target and disrupt the HIV virus-enveloped membrane as determined using a HLA-DR viral capture method (21) . The membrane of HIV particles is very rich in PE, Chol, and SM and is assumed to be in liquidordered phase, being referred to as a raft-like membrane (50, 51) . Here, we found that kB2 had a higher binding affinity and caused more leakage in model membranes rich in PE, Chol, and SM than kB1 (see Tables 2 and 3 ). By contrast, tcA has lower membrane affinity than kB1 for those model membranes. To evaluate if an HIV membrane-targeting mechanism can also be considered for the other cyclotides, the virucidal activities of kB2 and tcA were compared with the results previously obtained with kB1 (21) and quantified using the VC 50 (Fig. 9C) . kB2 has more potent virucidal activity (VC 50 Table 3 .
DISCUSSION
In this study, we compared a selection of cyclotides isolated from O. affinis, V. odorata, and V. tricolor with respect to their affinity for model membranes and their toxicity against mammalian RBCs, bacteria, and HIV particles. All of the cyclotides tested were specific for membranes containing PE-phospholipids over the other lipids tested and caused perturbations that eventually led to membrane disruption. Their affinity for model membranes correlated with wholecell toxicities. As well as providing a fundamental understanding of cyclotide-membrane interactions, the results have the potential to assist in the design of pharmaceutically active cyclotides to target specific cell types and thus enhance medical applications of cyclotides.
All Tested Cyclotides Selectively Target, Insert into, and Permeabilize Membranes Containing PE-phospholipids-Fluores-
cence and SPR studies with model membranes revealed that cyclotides are able to bind, insert into, and disrupt model lipid membranes by a mechanism dependent on initial peptide-lipid recognition and subsequent hydrophobic interactions. Specifically, all of the cyclotides bound to and permeabilized membranes containing PE-phospholipids but showed only very weak binding to, or permeabilization of, membranes lacking PE. Membrane fluidity was found to further modulate binding affinity; cyclotides had higher affinity for membranes displaying liquid-disordered or liquid-ordered phases than for solid-ordered phases, even when the same proportion of PE was present. We propose that the 
(M) for cyclotide induction of vesicle leakage
The peptide concentration needed to achieve 50% leakage (LC 50 ) and the standard error were determined by fitting a non-linear regression equation (dose-response binding with variable slope), in which the maximum response was constrained to 100% leakage; see data and fitting in Fig. 7 
Leakage from POPC/POPE GUVs induced by cyclotides and monitored using confocal microscopy. A-D, GUVs loaded with TR-dextran (red, 3 kDa), Alexa Fluor647-dextran (blue, 10 kDa), and Oregon Green 488-dextran (green, 70 kDa) were followed after addition of 30 M kB1 (A and B) or 30 M cyO2 (C and D). A and C, micrographs show the merge fluorescence after peptide addition (at 2700, 3170, or 3600 s for kB1, and 2000, 2500, or 3000 s for cyO2). B and D, average fluorescence intensity was determined in the time course in each micrograph using Zeiss LSM 510 META software. The fluorescence of the three dyes was normalized, which shows that the three dyes follow the same trend, suggesting that they escape the vesicles at the same time. E, GUVs, in which the membrane was labeled with the membrane dye 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine (red) and loaded with Alexa Fluor647-dextran (blue, 10 kDa) and Oregon Green 488-dextran (green, 70 kDa), are shown after addition of 30 M kB1 at 2700, 3170, or 3600 s. F, average fluorescence in each micrograph was plotted as a function of time and shows that the dyes escape from the vesicles without the GUV membranes bursting.
enhanced affinity for fluid membranes reflects a greater ability of cyclotides to insert into these membranes compared with solid membranes. Hemolytic Potency Correlates with Cyclotide-Membrane Binding, Insertion, and Permeabilization-Hemolytic assays at 37°C showed that cyclotides interact with and disrupt RBCs, with the hemolytic efficiency having the following order: cyO2 Ͼ kB2 ϳ kB6 Ͼ kB5 ϳ kB1 Ͼ kB9 Ͼ kB7 Ͼ kB8 Ͼ tcA. This trend is in agreement with previous studies in which a few cyclotides were examined for other biological activities (52) (53) (54) . The relative hemolytic activity correlates with the relative leakage efficiency trend in POPC/POPE/Chol/SM model membranes (Fig. 10) , consistent with the ability of cyclotides to insert in the hydrophobic core and disrupt the RBC membrane, which includes phosphatidylcholine phospholipids, Chol, SM, and a small amount of PE-phospholipids in the outer leaflet (41, 55) .
Although RBCs only have a small amount of PE-containing phospholipids (ϳ5%) exposed in the outer leaflet (55), we found that this amount was sufficient to facilitate the binding of kB1 to model membranes, especially when Chol is present (see Fig.  5A ). Furthermore, it appears that kB1 is able to induce the outward movement of PE-phospholipids, thus exposing more PE and self-promoting its binding (21) .
The deviation from linearity for kB2 and cyO2 on the correlation between membrane leakage and hemolytic efficiency shown in Fig. 10 suggests that as well as targeting PE-phospholipids in RBCs, other membrane components/properties (e.g. the membrane asymmetry) not represented in the POPC/ POPE/Chol/SM model can further improve the hemolytic efficiency of cyclotides.
The influence of membrane fluidity was demonstrated by hemolysis assays at 4°C, where the cell membrane is less fluid than at 37°C (56), and all of the cyclotides were unable to disrupt RBC membranes. In agreement with studies in model membranes in the solid-ordered phase, cyclotides have low affinity for very rigid membranes, even when PE-phospholipids are in the bilayer.
The importance of insertion into membranes for the biological effects of cyclotides was further demonstrated by comparing L-and D-isomers. Although D-kB1 (28) and D-kB2 were active and had affinity for PE-containing membranes, they were less hemolytic and had correspondingly lower affinity for model membranes than the cognate L-peptides. As there are no differences in charge, hydrophobicity, or three-dimensional structure (apart from mirror symmetry) between D-kB1 and the native enantiomer (28), the lower membrane affinity for the D-enantiomers can only be explained by the membrane chiral environment. As the PE headgroup does not have a chiral center, the chiral preference can be explained by the asymmetry at the glycerol skeleton immediately adjacent to the hydrophobic acyl chain, supporting the proposal that cyclotides insert in membranes rather than just associating loosely with the headgroup region.
Membrane-binding Affinity Also Correlates with Other Bioactivities-The studies on hemolytic activity and model membrane binding confirmed the role of PE and peptide insertion, but we were also interested to determine whether the proposed mechanism dependent on membrane-binding could explain other biological activities of cyclotides. Antimicrobial and anti-HIV activities of selected cyclotides were examined. Antimicrobial peptides are generally positively charged and typically have high affinity for negatively charged bacterial outer membranes. Although often referred to in the literature as antimicrobial peptides, most natural cyclotides do not match the typical profile of antimicrobial peptides. Indeed, of the peptides included in this study, cyO2 was the only one shown to have significant antimicrobial activity, in agreement with a previous report (26) . Nevertheless, its activity is restricted to Gram-negative bacteria, and its antimicrobial potency is lower than its hemolytic activity, suggesting that cyO2 has limited value as an antimicrobial agent.
E. coli possesses an outer membrane with a lipopolysaccharide (LPS) layer exposed in the outer leaflet and a inner leaflet rich in PE-phospholipids (57) , but this inner leaflet is only accessible after overcoming the anionic LPS layer. The lack of potent antimicrobial activity of cyclotides is in agreement with their lack of ability to target and disrupt negatively charged membranes in the absence of PE-phospholipids and with the inability to target LPS, as shown with kB1 (21) . cyO2 is the most positively charged cyclotide tested and the one with highest affinity for lipid membranes, which would explain an improved ability to target the LPS layer and consequently access the inner leaflet rich in PE to kill E. coli.
Gram-positive bacteria have a thick peptidoglycan layer as a protective shell (57) , which makes it even more difficult to access the PE-phospholipids located in the cytoplasmic membrane, thus explaining the lack of activity of all of the tested cyclotides against S. aureus.
The anti-HIV effect of kB1 was recently shown to correlate with its ability to target and disrupt the membrane of the HIV particle (21) , which is very rich in PE, Chol, and SM (51) . The higher virucidal activity of kB2 and lower activity of tcA against HIV particles, relative to kB1, suggest a similar HIV virucidal mechanism, dependent on viral membrane targeting.
Importance of the "Bioactive Patch" and Hydrophobic Properties at the Surface of Cyclotides for Their Membrane-binding
Affinity and Biological Potencies-To develop a more detailed molecular interpretation of the proposed conserved mechanism for cyclotide bioactivities (hemolytic, HIV, antimicrobial, and insecticidal), we focused on the molecular surfaces of cyclotides. The potency of kB1 against RBCs and insect cells has been shown to be dependent on both a bioactive patch and hydrophobic patch at the surface of this molecule, as demonstrated in an Ala scan (58) and confirmed with a Lys scan (25) . More recently, it was shown that both the bioactive and hydrophobic patches at the surface of kB1 are required for membrane targeting and insertion (21) , and when these patches are compromised kB1 lacks ability to target membranes and becomes inactive. Based on NMR studies (21, 24) , it was determined that the bioactive patch is involved in the specific targeting of PE headgroups, whereas the hydrophobic patch is required for insertion into the hydrophobic core of the membrane.
This proposed mechanism of activity suggested for kB1 is extended here and shown to be common to all tested cyclotides. Because of the extensive sequence variability of cyclotides, the same specificity and mechanism of action was not expected, and the conserved specificity for PE-phospholipids was initially surprising. However, Fig. 11 shows that the bioactive patch is well conserved across the cyclotide family, consistent with it being responsible for the binding to the PE headgroup not only for kB1 but also across the cyclotide family. Although not directly involved in recognition of the PE headgroup, the hydrophobic patch is also a requirement for the membrane activity of kB1 (21) . Albeit with different sizes and compositions, all of the cyclotides in this study have a hydrophobic patch.
We propose that subtle differences in the bioactive and hydrophobic patches, as well as the location of charges on the surface of cyclotides, can explain the observed trends in the affinity and effects induced in the membrane stability and biological potency. For instance, kB1 and kB2 have the same residues in the bioactive patch, but the overall hydrophobicity of kB2 is higher, which correlates with higher membrane binding affinity and hemolytic activity. Among the tested cyclotides, tcA has the lowest membrane affinity, the weakest vesicle leakage efficiency, and is the least hemolytic cyclotide; these observations correlate with the hydrophobic residues being more dispersed, instead of being located in a single patch, and also with the lack of an Arg/Lys in loop 6, shown to be important for the activity of kB1 (58) . At the other extreme, cyO2 has the highest membrane affinity, high leakage efficiency, and induces more membrane surface destabilization than any other cyclotide, correlating with the highest hemolytic activity among the cyclotides tested. CyO2 has its bioactive and hydrophobic patches close together, but it also has two Lys residues located in a distinct part of the molecule that can establish extra contacts (e.g. electrostatic attractions or H-bonds) with phospholipid headgroups.
The bioactive patch is centered on a conserved Glu residue in loop 1, and we propose that the geometry of this patch facilitates an ionic interaction between the ammonium group of PE and the carboxylate of the Glu. In addition, the side chain of the Lys/Arg in loop 6 can establish an interaction with the PEphosphate group. The hydrophobic side chains protruding from cyclotides are likely to stabilize peptide-membrane interactions by extra nonspecific peptide-membrane interactions with the hydrophobic core region. A proposed membrane binding mechanism is shown in Fig. 12 , highlighting initial ionic interactions with PE followed by membrane insertion.
The importance of the bioactive patch and of the Glu residue in particular for the recognition of the PE headgroup is supported by studies on naturally occurring kB12 and a synthetic kB1_E7D mutant; both peptides have an Asp in place of the Glu and are strikingly inactive against RBCs (59) . Although they have the same overall structure and enzymatic and thermal stability as kB1, kB12 and kB1_E7D have negligible hemolytic activity (59), which correlates with the inability of kB1_E7D to bind to PE-phospholipids in membranes (21) . Studies by Göransson and co-workers (60) , in which the Glu residue of cyO2 was chemically modified by esterification, further support the importance of the Glu residue for the recognition of PE headgroups. Modification of the Glu residue caused a 48-fold decrease in the cytotoxic potency of cyO2 (60) . A correlation between cytotoxicity and an ability to recognize PE headgroups is shown by a 50-fold higher leakage potency against PE-rich membranes (i.e. E. coli polar lipid extract that has an ϳ67% PE-phospholipids weight ratio) than against PE-lacking membranes (i.e. 1,2-dioleoyl-sn-glycero-3-phosphocholine/1,2-dioleoyl-sn-glycero-3-phosphate mixture) (61) . However, esterified cyO2 does not distinguish between PE-containing and PE-lacking lipid membranes (61) . Overall, the modified cyclotides and native kB12 show that the Glu residue is essential for the biological effects of cyclotides, consistent with a proposed role in the PE targeting.
As noted in the Introduction, cyclotides belonging to the trypsin inhibitor subfamily are distinguished from Möbius and bracelet cyclotides, not only by their lack of sequence homology but also by distinct bioactivities. In particular, MCoTI-II is not cytotoxic and does not bind to model membranes (62). These FIGURE 11 . Surface representation of selected cyclotides. Surface representations of the cyclotides included in this study are shown in two views. The "bioactive face" previously identified for kB1 (25, 58 ) is shown in red, i.e. residues in loop 1 (GET for kB1), the two first residues in loop 3 (NT for kB1), and the Lys/Arg in loop 6. Hydrophobic residues (Ala, Ile, Leu, Met, Phe, Pro, Trp, Val, and Tyr) are shown in green. The three-dimensional structure of kB1 is shown inside the box to define the orientation of the cyclotide surfaces. FIGURE 12. Schematic representation of proposed mechanism for the interaction of cyclotides with lipid bilayers. The interaction of cyclotides with the lipid membrane is initiated by targeting PE-phospholipids, followed by insertion in the lipid membrane. KB1 is shown with the electrostatic surface represented. In the first step, the bioactive face interacts and establishes electrostatic attractions with the PE headgroup (21) . The hydrophobic patch inserts in hydrophobic core of the membrane (24) . Upon insertion of several peptide molecules, the membrane is overloaded, and local membrane disturbances may occur, leading to membrane disruption.
data support the idea that the trypsin inhibitor subfamily is distinct from the other two subfamilies and in particular lacks the bioactive patch and a hydrophobic patch on its surface. Thus, we emphasize that the findings reported here relating to a common mechanism of action apply only to the Möbius and bracelet cyclotide subfamilies.
Cinnamycin and duramycin are two lantibiotic peptides produced by Gram-positive bacteria also reported to have specificity for PE-phospholipids (63) . In addition to PE headgroup recognition, hydrophobic interactions with the phospholipid acyl chains are required for efficient membrane targeting (64) . Cinnamycin and duramycin possess a binding pocket that fits a PE headgroup, and the binding is stabilized by an ion-pair interaction between the ammonium group of PE and the carboxylate of Asp-15. A Phe side chain stabilizes the peptide membrane binding by anchoring to the hydrophobic core of the membrane bilayer (63) . The membrane binding modes of these lantibiotics have similarities to the cyclotide-membrane binding mode, as binding to PE headgroup and hydrophobic interactions are both required.
Cyclotides, a New Lipid-binding Protein Family-The fact that cyclotides, either isolated from the same plant species and belonging to the same subfamily (e.g. kB1 and kB2 from O. affinis) or from multiple species and belonging to different subfamilies (e.g. kB2 from O. affinis versus cyO2 from V. odorata), specifically recognize a phospholipid headgroup, prompts the suggestion that they can now be categorized as a new lipidbinding protein family. There are many conserved lipid-binding domains in the eukaryotic proteome, particularly in proteins involved in signal transduction and in membrane trafficking (65) . A comparison of different lipid-binding domains reveals that they all have a pocket for the recognition of a unique lipid headgroup, for which electrostatic interactions are important, and in some cases the surrounding membrane is required for additional contacts, which is modulated by a hydrophobic patch that inserts in the membrane core (65) . These features are consistent with cyclotides having a patch on their surface that recognizes PE headgroups and the hydrophobic part of the molecule inserting into and causing membrane destabilization. A PE-binding protein (PEBP) family, an evolutionarily conserved group of proteins that occurs in all taxa from bacteria to plants and animals, has been identified (66); although cyclotides do not resemble PEBP members (typically proteins ϳ25 kDa in size), they might have communal roles. Interestingly, proteins belonging to PEBP family members expressed in plants seem to regulate the transition from the vegetative to the reproductive phase and are involved in modulation of plant architecture and flowering (66) . Remarkably, two PEBP members with high homology have been shown to have opposite functions in Arabidopsis thaliana; one of them activates flowering and the other represses it, and their activities can be exchanged by swapping a single amino acid (67, 68) .
Here, we show that Möbius and bracelet cyclotides, in addition to having a communal three-dimensional structure, have another communal feature, namely specific lipid binding. The physiological role of cyclotides has been suggested to be as insecticidal agents (69) with a mode of action involving membrane disruption (70) , and this is consistent with multiple cyclotides having communal lipid recognition. The observation that one plant produces many cyclotides is puzzling in light of these findings if insecticidal activity is the sole function of cyclotides. Thus, the findings support the suggestion that cyclotides probably also have other, as yet undiscovered, functions.
Synthetically modified cyclotides have been engineered with various introduced functions relevant in drug design. Some of these applications of cyclotides for drug design might benefit from the new knowledge reported here on their PE-binding properties. PE-phospholipids have pivotal roles in membrane structure and function (71) . Although mainly located in the inner leaflet in a typical mammalian cell, PE-phospholipids are more extensively externalized and/or overexpressed in apoptotic cells (72) and also on the surface of tumor vascular endothelium (73) . In fact, PE has been suggested as a broad tumor marker common to many malignancies (73) . Therefore, cyclotides have potential application as tools for tumor imaging, as observed with other PE-binding peptides such as duramycin and cinnamycin (73) . An advantage of using cyclotides over these molecules is that in addition to being tools to target PErich cells, they can also be used as scaffolds for intracellular delivery (62, 74) of active epitopes based on their amenability to chemical synthesis.
